Totipotent stem cells have the potential to differentiate into every cell type. Renewal of totipotent stem cells in the germline and cellular differentiation during early embryogenesis rely upon posttranscriptional regulatory mechanisms. The Caenorhabditis elegans RNA binding protein, MEX-3, plays a key role in both processes. MEX-3 is a maternally-supplied factor that controls the RNA metabolism of transcripts encoding critical cell fate determinants. However, the nucleotide sequence specificity and requirements of MEX-3 mRNA recognition remain unclear. Only a few candidate regulatory targets have been identified, and the full extent of the network of MEX-3 targets is not known. Here, we define the consensus sequence required for MEX-3 RNA recognition and demonstrate that this element is required for MEX-3 dependent regulation of gene expression in live worms. Based on this work, we identify several candidate MEX-3 targets that help explain its dual role in regulating germline stem cell totipotency and embryonic cell fate specification.
embryogenesis ͉ nematode ͉ RNA-binding protein ͉ post-transcriptional regulation ͉ maternal effect T otipotent stem cells have the capacity to differentiate into an entire organism. Multicellular organisms maintain a population of totipotent stem cells in the germline to assure reproductive potential (1) . These stem cells give rise to the gametes that eventually produce the next generation. The gametes that arise from these cells encode all of the information necessary to pattern the development of a new organism. This information is carried in the form of DNA, epigenetic marks, and cytoplasmic components. All of this information must be established and maintained in totipotent germline stem cells.
After fertilization, totipotency is lost in most cellular lineages as tissues and organs begin to differentiate. In many organisms, cell-fate specification occurs early during embryogenesis at a time when the organism's genome is transcriptionally quiescent (1, 2) . Thus, posttranscriptional regulation of maternally and paternally supplied gene products provides the basis for the loss of totitpotency and cell fate specification.
In the nematode Caenorhabditis elegans, the conserved dual KH (hnRNP K homology) domain protein, MEX-3, is required for both maintaining totipotency in the germline and cell fate specification in the early embryo (Fig. S1 A) (3, 4) . Worms with a homozygous null mex-3 mutation have a fully penetrant maternal-effect lethal phenotype, resulting in embryos that fail to undergo body morphogenesis and produce excess muscle and hypodermal cells (3) . Furthermore, these embryos produce between three and six cells that resemble germline progenitor cells, as opposed to two in a wild-type embryo. In addition, worms that are mutant for mex-3 and a second KH domain protein, gld-1, are sterile with a germline tumor that contains numerous transdifferentiated cells forming a cell mass similar to a germline teratoma (4) .
In the germline, MEX-3 protein is expressed in distal germ cells and maturing ooctyes (3) . Upon fertilization, cytoplasmic MEX-3 is present throughout the entire embryo and then becomes restricted, predominantly to the anterior founder cell (AB) at the end of the two-cell stage (Fig. S1 B-D) . After the four-cell stage, MEX-3 begins to disappear from the embryo. A small amount of MEX-3 remains in the posterior germline lineage, where it localizes to RNA-rich bodies including germ granules in early embryos and CAR-1/CGH-1 granules in late oocytes (3, (5) (6) (7) .
A family of related human proteins (hMex-3A-D and TINO) are differentially recruited to RNA granules involved in posttranscriptional regulatory mechanisms (8, 9) . In addition to a region of MEX-3 homology, these factors contain a carboxyterminal RING finger domain and numerous phosphorylation sites. Qualitative experiments show that hMex-3A, -3B, and -3C bind directly to RNA homopolymers, whereas hMex-3D/TINO binds to a sequence that contains AU-rich elements (8, 9 ). The precise sequence specificity and affinity of the MEX-3 family has not been defined.
Because MEX-3 contains conserved RNA-binding domains, it likely exerts a role in development at the posttranscriptional level. Consistent with this idea, several lines of evidence indicate that MEX-3 regulates the spatial and temporal translation of two key targets, pal-1 and nos-2. PAL-1 is a Caudal-like homeodomain protein required to specify the posterior blastomere C (10). Its protein expression pattern is anticorrelated with that of MEX-3 in early embryos, as expected if MEX-3 negatively regulates pal-1 translation. PAL-1 expression is not observed until the four-cell stage, where it accumulates in the nuclei of the posterior blastomeres. mex-3 mutant embryos show ectopic expression of PAL-1, and the anterior blastomeres take on a C-like fate resulting in excess muscle in the anterior (3). The gene encoding the Nanos homolog NOS-2 is also dependent upon MEX-3 for its protein expression pattern (11) . This protein is required for the proper development of primordial germ cells and their incorporation into the somatic gonad. In the early embryo, NOS-2 is not observed until the 16-cell stage in the germline precursor P 4 . However, in mex-3 mutant embryos, NOS-2 is expressed ectopically throughout the entire embryo (11) .
Translational reporter experiments suggest that MEX-3 is regulating its targets in a 3ЈUTR dependent manner (10, 11 ). An RNA reporter containing the 3ЈUTR of pal-1 fused to lacZ is translated in early embryos in a pattern that matches endogenous PAL-1 (10). In the absence of MEX-3, ectopic expression of the reporter is observed in oocytes and anterior blastomeres. Furthermore, recent work demonstrates that MEX-3 represses nos-2 mRNA translation through its 3ЈUTR (11) . Using a GFP::H2B translational reporter transgene, several cis-regulatory elements within the 3ЈUTR required for the spatial and temporal control of nos-2 mRNA translation (subA-E) were identified (12) . Both in vitro and in vivo experiments suggest that MEX-3 represses nos-2 translation by interacting with a repeat sequence present within the regulatory elements subB and subC (11) , yet the precise specificity determinants remain unknown.
Ectopic expression of NOS-2 in the mex-3 mutant likely explains the presence of extra germline precursor cells in terminal mutant embryos. Likewise, ectopic expression of PAL-1 likely explains the presence of excess muscle. However, the mex-3 mutant phenotype, and its role in maintaining germline totipotency, suggests that MEX-3 regulates additional mRNA targets. To determine the nucleotide binding specificity of MEX-3 and identify new candidate regulatory targets, we set out to define the determinants of MEX-3 binding and map the cis-acting elements within nos-2 and pal-1 required for MEX-3 regulation.
Results
Identification of a High Affinity MEX-3 RNA Aptamer. To better characterize how MEX-3 recognizes its mRNA targets we performed an affinity elution-based in vitro selection experiment (SELEX) (Fig. S2 A) (13) (14) (15) . With a starting pool of ssRNA comprised of 30 nucleotides of randomized sequence, RNA target sequences were selected by immobilizing the RNA binding domain of MEX-3 fused to the C terminus of maltose binding protein (MBP) on amylose resin. To monitor the progress of the selection, an EMSA was performed, where fluorescently labeled RNA samples from either pool 0, pool 4, or pool 7 were equilibrated with varying concentrations of MEX-3 and resolved on a native polyacrylamide slab gel (Fig.  S2B) . After seven rounds of selection and enrichment, a pool of RNA that binds with high affinity to MEX-3 was identified.
To analyze the sequences present within pool 7, the cDNA was cloned, and DNA from individual transformants was sequenced. Of 69 recovered sequences, 56 segregate into two major classes (Fig. 1A) . The remaining sequences display no obvious similarity (Fig. S2C ). The first group is comprised of 39 highly-related sequences with only 0-3 variable nucleotides between them. The other main group consists of 17 sequences that are highly purine-rich. To test whether MEX-3 binds with high affinity to either of these sequence classes, EMSA experiments were performed with the most abundant RNA sequence from each group. Quantitative analysis reveals that MEX-3 binds to the purinerich example (seq.14) with high affinity (K d,app ϭ 18 Ϯ 3 nM) ( Fig. 1 B and C) . In contrast, MEX-3 binds with lower affinity to the RNA example (seq.4) from the most abundant group (K d,app ϭ 160 Ϯ 6 nM). It is not clear why seq.4 and its variants dominate the in vitro selection yield. To test if MEX-3 binds with high affinity to any of the unrelated RNAs, EMSA experiments were performed with two representative sequences. Neither sequence binds to MEX-3 with high affinity (Fig. S2D ). Because seq.14 binds to MEX-3 with 9-fold higher affinity than seq. 4 , we chose to investigate seq.14 in more detail.
Identification of a 12-Nucleotide Element Sufficient for MEX-3 Bind-
ing. To determine the minimal sequence required for binding, truncation analysis was performed where either the 5Ј or 3Ј-end of seq.14 was shortened by three nucleotide fragments (Fig. S3) . The binding affinity of MEX-3 to these sequences was determined by EMSA. As many as 15 bases from the 5Ј-end (K d,app Ͻ 43 nM) or six bases from the 3Ј-end (K d,app Ͻ 21 nM) can be removed without a dramatic reduction in affinity. The results identify the region that is essential for recognition by MEX-3 ( Fig. S3 , shaded region). Based on these results, we designed a 12-nucleotide fragment (seq.14min) that encompasses this region and tested its ability to interact with MEX-3. Indeed, MEX-3 binds to this sequence with high affinity (K d,app ϭ 36 Ϯ 5 nM) (Fig. 2) . These experiments reveal the minimal region of the aptamer required for high affinity MEX-3 binding.
Determination of the MEX-3 Consensus Sequence. To determine the MEX-3 consensus sequence and analyze the thermodynamic contribution of each base, EMSA was used to measure the change in standard free-energy change (⌬⌬G°) of every single point mutation of seq.14min RNA (Fig. 3A) . Mutation of eight positions causes a significant reduction in binding affinity (positions 2-9; ⌬⌬G Ͼ 0.5 kcal mol Ϫ1 ), whereas mutation of four positions has little or no effect on binding (positions 1, 10-12; ⌬⌬G Ͻ 0.5 kcal mol Ϫ1 ). The cutoff of 0.5 kcal mol Ϫ1 represents a twofold reduction in binding affinity at 20°C. Based on this quantitative assay, we define the MEX-3 recognition element (MRE) as (A/G/U)(G/U)AGU(U/A/C)UA. Analysis of this sequence reveals that five positions have a fixed nucleotide specificity, whereas three positions are partially degenerate allowing one or more base substitution at each position. The first four bases are predominantly purine-rich and the last four bases are AU-rich. MEX-3 contains two KH domains, and the typical binding surface of this motif is a four-nucleotide element with variable specificity (16) (17) (18) (19) (20) . Therefore, we predict that each KH domain in MEX-3 recognizes a four-base half-site within the MRE.
To test this hypothesis, a series of spacing mutants were made where 0-9 cytidines were inserted between positions G5 and U6 (Fig. 3B) . A background of cytidine was used, because this base is not tolerated in the MRE with the exception of one position (U7). These experiments reveal that MEX-3 binds to a bipartite recognition element that can tolerate as many as eight nucleotides in between each specificity determinant (Fig. 3C ). Based on this data, we redefine the MRE as (A/G/U)(G/U)AGN (0-8) U(U/ A/C)UA.
MEX-3 Binds Specifically to MREs Present in nos-2 and pal-1 Tran-
scripts. Next, we asked if the regulatory targets of MEX-3 (nos-2 and pal-1) harbor an MRE within their 3ЈUTR. A search of the 3ЈUTR of nos-2 and pal-1 reveals that both transcripts contain two copies of the MRE (Fig. S4A ). In the case of nos-2, the MREs are present within the previously defined regulatory elements of subB and subC (Fig. S4A) , suggesting that the MRE is a functional cis-regulatory sequence.
We then asked if MEX-3 binds specifically to the MREs present within the nos-2 and pal-1 3Ј-UTRs. To address this question, EMSA was performed to determine the binding affinity of MEX-3 to the five known regulatory elements of nos-2 (subA-E) (Fig. S4B) (12) and to a 21-nucleotide fragment of the pal-1 UTR that harbors one MRE. We anticipated that MEX-3 would bind to nos-2 subB, nos-2 subC, and the fragment from the pal-1 UTR, but not to nos-2 subA, subD, or subE sequences that lack the MRE. As expected, MEX-3 binds with high affinity to nos-2 subC (K d,app ϭ 40 Ϯ 5 nM) (Fig. S4B ) and the pal-1 3ЈUTR fragment (K d,app ϭ 25 Ϯ 4 nM) (Fig. S4B) and with low affinity to nos-2 subA, subD, and subE (K d,app Ͼ 200 nM). Both nos-2 subC and pal-1 MRE RNA reveal two shifted species, which is likely due to additional partial binding sites present within the sequences. We were surprised to observe that MEX-3 binds with low affinity to nos-2 subB (K d,app ϭ 420 Ϯ 20). Because the MRE is near the 3Ј-end of the sequence, we suspected that the fluorescein label might be disrupting the predicted interaction. A longer variant (subBϩ) was prepared that includes seven additional nucleotides downstream. Consistent with our hypothesis, MEX-3 binds to this RNA with fourfold higher affinity (K d,app ϭ 106 Ϯ 2 nM) (Fig. S4B) . The data reveal that MREs are present within both MEX-3 regulatory targets, and that MEX-3 binds to them with high affinity.
To verify that the MRE is essential for the interaction of MEX-3 with its mRNA targets, a series of mutations of the nos-2 subC element was prepared, and the ability of MEX-3 to bind to each was determined (Fig. 4) . Each half-site was mutated such that either AUAG or UUUA was changed to CCCC. In each case, the binding affinity is significantly reduced (mut1, mut2; ⌬⌬G Ͼ 0.5 kcal mol Ϫ1 ). The binding affinity was then tested when both half-sites were mutated to CCCC and a dramatic reduction in binding is observed (mut3; ⌬⌬G Ͼ 1.5 kcal mol Ϫ1 ). When the half-site UUUA is mutated to AAAA, a loss in affinity is observed similar to mut1 or mut2 (mut5; ⌬⌬G Ͼ 0.5 kcal mol Ϫ1 ). Control mutations outside of the MRE have no significant change in relative binding affinity (mut4, mut6; ⌬⌬G Ͻ 0.5 kcal mol Ϫ1 ). Together, the data show that the MRE is required for the high affinity interaction between MEX-3 and nos-2 subC.
The Expression Pattern of a nos-2 3UTR Reporter Depends upon the

MRE.
To validate the relevance of the MRE consensus in vivo, we examined the expression pattern of a nos-2 3ЈUTR reporter, where specific mutations are made to both MRE sites. We used MosSCI (21) to generate single copy transgenic strains encoding green fluorescent protein (GFP) fused to histone H2B with the (Fig. 5A) . The pie-1 promoter was used in each transgene to drive germline transcription. Based on our biochemical assessment of the interaction between MEX-3 and RNA containing an MRE, the first half-site ATAG was mutated to CCCC in each MRE present within the nos-2 3ЈUTR (MREmut). We chose to mutate these nucleotides because this half-site has the most dramatic effect on MEX-3 binding (Fig. 4) . The UUUA half site is located within a conserved repeat element that has previously been shown to be required for MEX-3 dependent regulation (11, 12) .
nos-2 3ЈUTR downstream
The expression pattern of the reporter harboring the wild-type nos-2 3ЈUTR matches the previously reported endogenous NOS-2 expression pattern (12, 22) (Fig. 5B) . The reporter is absent in early embryos and is only observed in the germline precursor cells in older embryos. In stark contrast, the transgenic reporter that contains the nos-2 MREmut 3ЈUTR is observed both in early embryos and in all cells of embryos at approximately the 28-cell stage (Fig. 5B) . Thus, mutation of the MREs disrupts both the spatial and temporal regulation of reporter expression. A similar pattern is observed with the wild-type reporter when mex-3 mRNA is depleted by RNAi (Fig. 5B ). The results demonstrate that both MEX-3 and the MREs are required to appropriately pattern the expression of the reporter transgene.
It is interesting to note that reduction of MEX-3 by RNAi appears to have a more dramatic effect on nos-2 reporter expression than mutating its cis-acting response elements within the nos-2 3Ј-UTR (Fig. 5B) . A possible explanation for this observation is that residual binding of MEX-3 to nos-2 3ЈUTR mutants leads to partial repression, because only part of the MRE is disrupted in each case. There may also be other specificity determinants from SELEX that we have not distinguished. Another possibility is that MEX-3 might regulate other trans-acting factors that feed back to repress nos-2 translation. Alternatively, other proteins that bind to the nos-2 3ЈUTR may facilitate MEX-3 binding, and this interaction has not been fully disrupted. Our data cannot distinguish between these possibilities. Candidate MEX-3 Regulatory Targets Based on the MRE. To identify new candidate MEX-3 targets, we used the MRE consensus as a pattern to search annotated C. elegans transcripts for potential MEX-3 binding sites. MREs throughout the entire genome were identified using the pattern matching tool PATSCAN (23) . Because 3ЈUTRs are the primary determinant of spatial gene expression within the germline, we cross-referenced the predicted MREs with 3ЈUTR annotations from release WS190 of the C. elegans genome (24). Of 10,802 genes with an annotated 3ЈUTR, 2,834 (26.2%) contain at least one MRE in their 3ЈUTR (Table S1 ). To identify candidate MEX-3 targets required for embryogenesis, we filtered the results to include only transcripts present in 1-8 cell embryos (25) and that result in an embryonic lethal phenotype when knocked-down by RNAi (26) . Based on this analysis, 214 candidate MEX-3 targets were identified (7.5% of all MRE-containing 3ЈUTRs, Fig. S5 ).
To identify candidate MEX-3 targets that play a role in maintaining germline stem cell totipotency, we filtered our primary search results using microarray data that identify transcripts enriched in the germline (27) . Of the germline enriched genes, 527 have at least one MRE (18.6% of all MRE-containing 3ЈUTRs) (Fig. S5) . Because the role of MEX-3 in the germline is only revealed in the context of a mex-3 gld-1 double mutant (4), we rationalized that the most important targets might contain 
Fig. 5. Validation of the MRE within the regulatory target nos-2. (A Upper)
A schematic of the nos-2 3ЈUTR reporter transgene. A pie-1 promoter was used to drive germline specific transcription. (Lower) The region of the nos-2 3ЈUTR containing both MRE sites is shown. Each MRE is highlighted in gray. The conserved octamer is surrounded by a box, which was reported previously to be required for translation (12) . Half of each MRE site was mutated to CCCC (shown in bold) to make the nos-2 MREmut reporter construct. (B) Expression of the GFP::H2B nos-2 3ЈUTR reporter constructs in early embryos. DIC images of 2-cell-stage embryos (Left) and later-staged (28ϩcells) embryos (Right) are shown. The GFP::H2B reporter expression pattern is compared between the nos-2 3ЈUTR, nos-2 MREmut 3ЈUTR, and the nos-2 3ЈUTR reporter in mex-3 RNAi embryos.
both MEX-3 and GLD-1 binding sites. To identify such transcripts, we searched the 3ЈUTRs of germline enriched genes for both the MRE and the STAR-binding element (SBE), recognized by GLD-1 (28) (Table S1 ). Based on this analysis, a total of 162 genes were identified as potential targets of both MEX-3 and GLD-1 (Fig. S5) . Together, the results predict several candidate MEX-3 targets that play critical roles both in the embryo and in the germline (Table S1 and Table S2) .
We wished to examine predicted unique targets in a functional assay. As a first step toward this goal, we determined the MEX-3 dependence of reporter expression in 10 transgenic lines harboring germline-specific GFP::H2B::3ЈUTR reporters containing at least one MRE. These strains represent a subset of a germline 3ЈUTR reporter library developed by Seydoux and colleagues (24) . Worms were grown on either OP50 or mex-3 RNAi food, and the expression pattern of GFP was determined (Table S3) . Two of the 10 (pal-1 and glp-1 3Ј-UTR reporter strains) demonstrated a change in reporter f luorescence upon mex-3 RNAi. pal-1 has previously been demonstrated to be a MEX-3 regulatory target and thus serves as a positive control (10) . The glp-1 reporter shows an overall increase in GFP f luorescence and ectopic expression in the posterior of early embryos (2-4 cell), when mex-3 RNA is depleted (Fig. S6 ). There are two MEX-3 binding sites in a conserved region of the glp-1 3Ј-UTR. The binding sites surround previously characterized binding sites for the RNAbinding proteins POS-1 and GLD-1 (28, 29) . The location of the binding sites suggests that regulation is direct and could potentially be inf luenced by the presence of other RNAbinding proteins. The results identify glp-1 as a new candidate MEX-3 regulatory target.
Discussion
Based on in vitro selection and biochemical experiments, we have defined the consensus MEX-3 recognition element (MRE: (A/G/U)(G/U)AGN (0-8) U(U/A/C)UA). The MRE is a bipartite element that consists of two four-nucleotide motifs separated by 0-8 nucleotides. MEX-3 contains two KH RNA binding domains. We predict that each motif binds specifically to one four-nucleotide half-site. Previous studies have shown that KH domains typically accommodate four nucleotides in their binding pockets, consistent with this hypothesis (16) (17) (18) (19) (20) . Alignment of the KH domains between the human hMex-3 proteins and C. elegans MEX-3 reveal 79-81% sequence identity within the RNA-binding domain (8) . Interestingly, part of the MRE is comprised of an AU-rich half-site which is proposed to be required for hMEX-3D/TINO RNA binding. We predict that the hMEX-3 proteins bind to RNA with similar specificity as their C. elegans homolog MEX-3.
The MRE is present in the 3ЈUTR of Ϸ26.2% of all genes in C. elegans. By filtering this list for transcripts expressed in the same tissues at the same time as MEX-3, we have narrowed the candidate targets to 214 transcripts in the embryo and 527 transcripts in the germline. The two previously characterized MEX-3 regulatory targets-nos-2 and pal-1-both contain two MRE sites in their 3ЈUTR. Mutating both sites in a nos-2 reporter leads to derepression of the transgene, as does reduction of MEX-3 by RNAi. Thus, the MRE is a critical cis-acting functional element.
Our search for candidate regulatory targets reveals several genes that play key roles during various stages of development. A number of these genes encode other RNA binding proteins, including cbp-3, puf-3, puf-6, puf-7, spn-4, mex-1, and gld-1 (28, 30 -34) . Interestingly, the mex-3 transcript also has two MREs within its own 3ЈUTR, suggesting that MEX-3 may regulate its own mRNA translation. Other candidate mRNA targets encode membrane proteins such as glp-1 and ooc-3. GLP-1 is a Notch homolog essential for mitotic proliferation of germ cells and maintenance of germline stem cells and the development of early blastomeres (35, 36) . Our results suggest MEX-3 regulates this transcript, but more work is needed to show that regulation is direct. OOC-3 is a putative transmembrane protein localized to the endoplasmic reticulum and is required for the correct localization of the polarity determinants PAR-2 and PAR-3, two critical proteins that establish asymmetry in the early embryo immediately after fertilization (37, 38) .
There are several candidate target genes that may contribute to the observed mex-3 mutant phenotype. The genes include ubc-9, pha-4, and tbx-2, all of which are required to specify ABa-derived pharyngeal muscle (39, 40) . The 3ЈUTR of ubc-9 contains four MRE sites, whereas tbx-2 and pha-4 each have one. Similar to mex-3 mutant embryos, worms that lack these genes fail to produce pharyngeal tissue from the ABa blastomere.
Of particular interest is how MEX-3 functions to maintain totipotency in the germline. The unusual transdifferentiated germline teratoma phenotype is only observed in worms with mutations in both mex-3 and gld-1, a second KH-domain RNA binding protein (4) . Moreover, recent evidence indicates that MEX-3 and PUF-8, a Puf-domain RNA binding protein, promote mitotic division of germ cells (41) . These studies suggest that MEX-3 is playing redundant roles with other RNA binding proteins to ensure preservation and maintenance of germline stem cells. One potential mechanism to explain the redundancy is coregulation of the same mRNA target. A potential target that is recognized by both MEX-3 and GLD-1 is the mRNA encoding the putative transcription factor SOX-2. C. elegans SOX-2 is homologous to human SOX2, which is required for embryonic stem cell self-renewal and is one of the factors used to induce pluripotency in induced pluripotency stem cells (iPS) (42, 43) . C. elegans sox-2 mRNA harbors one MRE and one SBE (GLD-1 binding sequence), consistent with the hypothesis that MEX-3 and GLD-1 play a redundant role in regulating SOX-2 expression.
Here, we reveal the requirements for RNA recognition by MEX-3 and identify cis-acting elements in the 3ЈUTR of its mRNA targets nos-2 and pal-1. Our results demonstrate that a large number of transcripts contain a MEX-3 recognition element within their 3ЈUTR, but caution that the MRE is not the sole determinant of MEX-3-dependent regulation. Our results reveal a number of candidate targets that could potentially explain the diverse roles of MEX-3 in regulating embryonic cell fate specification and maintaining totipotency within the germline. Further work is needed to define which candidate targets are the most important factors contributing to the mex-3 mutant phenotypes.
Methods
Protein Expression and Purification. The sequence encoding amino acids 45-205 of MEX-3 were amplified from the corresponding ORFeome clone (Open Biosystems) and subcloned into pMal-c (New England Biolabs), a protein expression vector that encodes an N-terminal maltose-binding protein (MBP) tag. For details of the purification, refer to SI Materials and Methods.
In Vitro RNA Selection. RNA library design and in vitro selection protocols were adapted from published protocols with a few modifications (15, 44) . For experimental details refer to SI Materials and Methods.
Electrophoretic Mobility Shift Assay. RNA transcripts or synthetic oligonucleotides (Integrated DNA Technologies) were 3Ј-end-labeled with fluorescein 5-thiosemicarbazide (Invitrogen) following the protocol described (45) . Electrophoretic mobility shift experiments and data analysis were carried out as previously described with a few modifications (refer to SI Materials and Methods for changes) (45) . Due to dissociation in the gel, the 5Ј Frag3 RNA EMSA experiment was fit to a Langmuir isotherm to determine the apparent equilibrium dissociation constant.
